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ABSTRACT
We present the analysis of a 35 ksec long Chandra observation of the neutron star soft
X–ray transient (SXT) SAX J1810.8–2609.We detect three sources in the field of view.
The position of one of them is consistent with the location of the ROSAT error circle
of SAX J1810.8–2609. The accurate Chandra position of that source coincides with the
position of the proposed optical counterpart, strengthening the identification as the
counterpart. We detected the neutron star SXT system in quiescence at an unabsorbed
luminosity of ∼ 1 × 1032 erg s−1 (assuming a distance of 4.9 kpc). This luminosity
is at the low–end of quiescent luminosities found in other neutron star SXTs. This
renders support to the existence of a group of faint soft X–ray transients of which the
accreting millisecond X–ray pulsar SAX J1808.4–3658 is the most prominent member.
The quiescent spectrum of SAX J1810.8–2609 is well–fit with an absorbed power law
with photon index of 3.3±0.5. With a value of 3.3×1021 cm−2 the Galactic absorption
is consistent with the value derived in outburst. Since the spectra of quiescent neutron
star SXTs are often fit with an absorbed blackbody or neutron star atmosphere plus
power–law model we also fitted the spectrum using those fit functions. Both models
provide a good fit to the data. If cooling of the neutron star core and/or crust is
responsible for the soft part of the spectrum the time averaged mass accretion rate
must have been very low (∼5.7×10−13 M⊙ yr
−1; assuming standard core cooling only)
or the neutron star must be massive. We also discuss the possibility that the thermal
spectral component in neutron stars in quiescence is produced by residual accretion.
Key words: stars: individual (SAX J1810.8–2609) — stars: neutron stars — X-rays:
stars
1 INTRODUCTION
Low–mass X–ray binaries are binary systems in which
a <
∼
1M⊙ star transfers matter to a neutron star or
a black hole. A large fraction of the low–mass X–ray
binaries is transient; these systems form the so called
soft X–ray transients (SXTs). The characterising prop-
erty of SXTs is that the accretion rate drops several or-
ders of magnitude when the source returns to quiescence
(van Paradijs & Verbunt 1984).
SXTs have been and are being studied extensively
with previous and present X–ray satellites; for an overview
of SXTs see Chen, Shrader & Livio (1997). Using data ob-
tained with the BeppoSAX satellite Heise et al. (1999) and
⋆ email : peterj@ast.cam.ac.uk
in’t Zand (2001) suggested that ∼10 bursting neutron stars
form a separate class of faint SXTs; the outburst peak lumi-
nosity is low (typically ∼ 1036.5 erg s−1). Later, King (2000)
argued that a class of faint SXT could be explained evolu-
tionarily. King (2000) argues that faint SXTs should have
evolved beyond the period minimum of ∼80 minutes to or-
bital periods of 80–120 minutes.
Using the Chandra and XMM/Newton satellites
it is possible to study these systems even when
they are in quiescence (cf. Wijnands et al. 2001;
Rutledge et al. 2002a; Campana et al. 2002). A large
fraction of the neutron star SXT quiescent X–ray lumi-
nosity is often ascribed to cooling of the hot neutron
star core and/or crust (cf. van Paradijs et al. 1987;
Brown, Bildsten & Rutledge 1998). Assuming that the
thermal spectral component is coming from the neu-
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tron star surface, in principle neutron star parameters
such as the mass and radius can be derived when us-
ing a neutron star atmosphere model to fit the spec-
trum (Rutledge et al. 2001a; Rutledge et al. 2001b;
Heinke et al. 2003a). The quiescent luminosity of the
neutron star SXT and accreting millisecond X–ray pulsar
SAX J1808.4–3658 was found to be very low (LX = 5×10
31
erg s−1; Campana et al. 2002). This is nearly as low as
the luminosities found for several quiescent BHC SXTs
with a short orbital period (Kong et al. 2002). Such a low
neutron star luminosity could result if the neutron star
core and crust are relatively cool (Colpi et al. 2001). This
in turn could hint at a massive neutron star (MNS > 1.7
M⊙; Colpi et al. 2001), or a very low time–averaged mass
accretion rate (Brown, Bildsten & Rutledge 1998).
Several other emission mechanisms have been pro-
posed to explain the quiescent luminosity of SXTs as well.
First, in quiescence mass accretion may be ongoing at
a low level (Zampieri et al. 1995, possibly via an advec-
tion dominated accretion flow, e.g. Menou et al. 1999). Sec-
ond, shocks formed by the propeller mechanism prevent-
ing accretion onto the neutron star may produce X–rays
(Illarionov & Sunyaev 1975; Stella, White & Rosner 1986).
Third, the switch–on of a radio pulsar mechanism may
produce the observed X–rays (Campana & Stella 2000). Fi-
nally, leaking of matter through the magnetospere especially
at high latitudes in an ADAF–like spherical flow may pro-
duce X–rays (e.g. Zhang, Yu & Zhang 1998).
The quiescent source luminosity seems to be a charac-
terising difference between the systems containing a neutron
star and those containing a black hole candidate (BHC) com-
pact object. When plotted versus the binary orbital period
the neutron star SXTs seem to be systematically brighter by
a factor of ∼10 than the BHC SXTs (cf. Garcia et al. 2001).
A possible and exciting explanation is that in the BHC
SXTs energy is advected across the event horizon and not
thermalised and radiated away like in neutron star SXTs
(Narayan, Barret & McClintock 1997; Garcia et al. 2001).
However, Fender, Gallo & Jonker (2003) suggested that the
difference between the quiescent X–ray luminosities from
neutron stars and BHC SXTs could also be explained by
taking into account the jet power.
SAX J1810.8–2609 was discovered with the Wide
Field Cameras on board the BeppoSAX satellite
(Ubertini et al. 1998). A type I X–ray burst was dis-
covered establishing that the compact object is a neutron
star (Ubertini et al. 1998; Cocchi et al. 1999). The burst
showed evidence for radius expansion which led to a
distance estimate of ∼ 4.9 kpc (Natalucci et al. 2000).
Greiner et al. (1999) obtained ROSAT HRI follow–up
observations and reported a candidate optical and near–
infrared counterpart of SAX J1810.8–2609.
In this Paper we present the analysis of our 35
ksec Chandra observation of the faint neutron star SXT
SAX J1810.8–2609 while the source is in quiescence.
2 OBSERVATIONS AND ANALYSIS
We have observed the neutron star SAX J1810.8–2609 using
the ACIS–S3 CCD (windowed to 1/8 of its original size to re-
duce possible pile–up if the source was found to be relatively
bright) on board the Chandra satellite (Weisskopf 1988) for
∼35 ksec on August 16, 2003. The observation started at
21:20:35 Terrestrial Time.
The X–ray data were processed by the Chandra X–ray
Centre; events with ASCA grades of 1, 5, 7, cosmic rays,
hot pixels, and events close to CCD node boundaries were
rejected. We used the standard CIAO software to reduce the
data (version 3.0.1 and CALDB version 2.23). We searched
the data for periods of enhanced background radiation but
none was present. Hence, all the data were used in our anal-
ysis.
We detect three sources using the CIAO tool celldetect
and derive the following coordinates for them:
R.A.=18h10m44.47s, Decl.=-26◦09’01.2”
R.A.=18h10m43.49s, Decl.=-26◦10’44.0”
R.A.=18h10m42.03s, Decl.=-26◦11’02.9”
All positions have a typical error of 0.6” and use equinox
J2000.0. Only the coordinates of the first source are
consistent with the ROSAT coordinates obtained for
SAX J1810.8–2609 (Greiner et al. 1999). The coordinates
of the proposed optical counterpart of SAX J1810.8–2609
(R.A.=18h10m44.4s, Decl.=-26◦09’00”, uncertainty 1 arc-
sec; Greiner et al. 1999) are consistent with those of the first
source. We conclude that we have detected SAX J1810.8–
2609 in quiescence and that the proposed counterpart is
very likely correct. We designate the other two sources
CXOU J181043.5–261044 and CXOU J181042.0–261103, re-
spectively. The spectrum of both sources can be fit by an
absorbed power law spectrum. No obvious counterparts were
found in the second digital sky survey red nor 2MASS K–
band catalogue. Both sources are likely background AGNs.
SAX J1810.8–2609 is detected at a count rate of
(4.0±0.4)×10−3 counts s−1. The source spectrum was ex-
tracted from a region with a 5 arc second radius centred on
the source whereas the background spectrum was extracted
from an annulus centred on the source with an inner and
outer radius of 10 and 20 arc seconds, respectively. We ex-
tracted the spectrum with at least 10 counts per bin. Be-
cause of this relatively low number of counts we checked
the results obtained using the χ2 fitting method against
the results obtained using the CASH statistic method
(Cash 1979); the fit–results were consistent within the 1σ
error bars. We only include energies above 0.3 and below 10
keV in our spectral analysis since the ACIS timed exposure
mode spectral response is not well calibrated outside that
range. We fit the spectra using the XSPEC package (ver-
sion 11.2.0bp; Arnaud 1996). We included the multiplicative
ACISABS model in our spectral fitting to account for the
additional absorption due to contamination by the optical
blocking filters in our spectral fits (Marshall et al. 2003).
We tried to fit the spectrum with several
absorbed single–model fit–functions (i.e. an ab-
sorbed blackbody, power law, neutron star at-
mosphere [NSA, Pavlov, Shibanov & Zavlin 1991;
Zavlin, Pavlov & Shibanov 1996], and bremsstrahlung
model) but only the absorbed power–law model pro-
vides a good fit (χ2red = 0.8 for 10 degrees of freedom
(d.o.f.); see Figure 1). The χ2red for the NSA, blackbody
and bremsstrahlung model were 1.6 for 11 d.o.f., 1.9
for 11 d.o.f., and 1.4 for 11 d.o.f., respectively and in
all cases large residuals at energies above 2 keV were
apparent. However, with a value of 3.3±0.5, the best–fit
c© 0000 RAS, MNRAS 000, 000–000
3power–law photon index is high. The derived interstellar
absorption of 3.3±0.8 × 1021 cm−2 is consistent with the
value derived by Natalucci et al. (2000) using BeppoSAX
outburst data of the source and also with that derived
by Dickey & Lockman (1990) (NH ∼ 4 × 10
21 cm−2). We
present the best–fit parameters for the single absorbed
power–law model in Table 1.
The high best–fit power–law index when fitting a sin-
gle absorbed power law indicates that the spectrum is rather
soft. Since two component models are often used for neutron
star SXTs in quiescence we also fitted the spectrum using
an absorbed NSA plus power–law model. The Galactic ab-
sorption, the NSA normalisation, the mass, and the radius
of the neutron star were held fixed during the fit at a value
of 3.3×1021 cm−2, 1
D2
= 4.16×10−8 pc−2 (for the distance,
D in pc, we took the value derived by Natalucci et al. 2000
4.9×103 pc), 1.4 M⊙, and 10 km, respectively. The fit was
good with a χ2red of 0.65 for 10 degrees of freedom. The best–
fit parameters are given on the second line of Table 1. The
absorbed 0.5–10 keV source flux was ∼2.1×10−14 erg cm−2
s−1, whereas the unabsorbed flux was ∼3.8×10−14 erg cm−2
s−1. The neutron star atmosphere and power law models
each contribute about 50 per cent of the unabsorbed flux.
Finally, we fitted an absorbed blackbody plus power–law
model to the spectrum. With a χ2red of 0.62 for 9 degrees of
freedom the fit was good. The blackbody contributed about
40 per cent to the total unabsorbed flux and the power law
about 60 per cent. The best–fit parameters are given on the
third line in Table 1.
3 DISCUSSION
We detected X–ray emission from three sources using data
obtained with the Chandra satellite. The coordinates of only
one of the sources are consistent with the ROSAT posi-
tion of the neutron star SXT SAX J1810.8–2609. We con-
clude that we detected SAX J1810.8–2609 in quiescence.
The source position is also fully consistent with the pro-
posed optical–infrared counterpart of SAX J1810.8–2609
(Greiner et al. 1999) strengthening the identification. The
source spectrum is well described with an absorbed neu-
tron star atmosphere, or blackbody, plus power–law model.
With a value of 0.14 or 0.07 keV, the temperature of the
neutron star as fitted with the blackbody and the NSA
model, respectively, is low compared with many other neu-
tron star SXTs in quiescence where values around 0.2–0.4
keV for the blackbody or 0.1–0.2 keV for the NSA model
are usual (cf. Asai et al. 1996; Rutledge et al. 2001b, but
see also Rutledge et al. 2001a). A single absorbed power
law also gave a good fit. However, with a power–law in-
dex of ∼3.3 it was rather soft. The unabsorbed 0.5–10 keV
source flux and luminosity are ∼ 4 × 10−14 erg cm−2 s−1
and ∼ 1 × 1032 erg s−1, respectively. In calculating the
luminosity we used the source distance of 4.9 kpc as de-
termined by Natalucci et al. (2000). The outburst peak lu-
minosity of SAX J1810.8–2609 was ∼ 2 × 1036 erg s−1
(Natalucci et al. 2000).
The outburst and quiescent luminosity are at the
low end of typical outburst and quiescent luminosities
of neutron star SXTs of ∼ 2 × 1038 erg s−1 and
several times ∼ 1032−33 erg s−1, respectively. Further-
more, they are close to those of the accreting millisec-
ond X–ray pulsar SAX J1808.4–3658 (∼ 2 × 1036 erg
s−1, and ∼ 5 × 1031 erg s−1, for a distance of 2.5
kpc; in ’t Zand et al. 1998; Wijnands & van der Klis 1998;
in’t Zand et al. 2001; Campana et al. 2002). Both systems
were proposed to be members of the class of re-
cently recognised sub–group of faint neutron star SXTs
(Heise et al. 1999; in’t Zand 2001). Obviously, if one would
underestimate the source distance of the faint systems by a
factor of a few one could derive anomalously low values for
the luminosity. However, in both these neutron stars, radius
expansion bursts have been found (see references above).
As was shown by Kuulkers et al. (2003) using a sample of
neutron stars in Globular Clusters exhibiting radius expan-
sion bursts, the typical error in the distance estimate as
derived from the radius expansion burst is 15 per cent. This
is insufficient to explain the difference in outburst and qui-
escent luminosity between the faint and ’normal’ neutron
star SXTs. The low luminosity of SAX J1810.8–2609 in qui-
escence hence strengthens the case for the existence of the
class of faint (neutron star) SXTs.
The quiescent luminosity of neutron star SXTs has
been ascribed to thermal cooling of the hot neutron
star crust/core (Brown, Bildsten & Rutledge 1998).
However, this interpretation is not without prob-
lems. As was noted by several authors (among which
Brown, Bildsten & Rutledge 1998 themselves, see also
Campana & Stella 2000), thermal cooling cannot explain
the power–law spectral component. As mentioned in
the introduction, a low quiescent luminosity could arise
if the neutron star is more massive than ∼ 1.7 M⊙
since in that case enhanced core cooling due to the di-
rect URCA process could take place (Colpi et al. 2001).
However, the neutron star core could also be cold if
the time–averaged mass accretion rate onto the neutron
star is very low (Brown, Bildsten & Rutledge 1998). In
case of SAX J1810.8–2609 the time average mass accre-
tion rate necessary to explain the flux coming from the
thermal spectral component would be 5.7×10−13 M⊙
yr−1 assuming that the amount of heat deposited in the
crust per accreted nucleon is 1.45 MeV (assuming that
only standard core cooling processes are at work; see
Brown, Bildsten & Rutledge 1998).
Initially, the relatively large variability found
in the temperature associated with the soft com-
ponent in Cen X–4 and Aql X–1 was regarded
as a problem for the cooling neutron star model
(Rutledge et al. 1999; Rutledge et al. 2001b) and only
if the neutron stars are massive could the variability
be explained (Ushomirsky & Rutledge 2001). However,
Brown, Bildsten & Chang (2002) found that since the
residual hydrogen and helium mass in the neutron star at-
mosphere varies from one outburst to the next the thermal
quiescent flux can vary between outbursts by a factor of 2–3.
However, Rutledge et al. (2002b) found that the quiescent
thermal flux of Aql X–1 after an outburst first decreased by
up to 50 per cent and then increased again by 35 per cent
on timescales of a month. It also varied by nearly 40 per
cent on short time scales (ksec). Rutledge et al. (2002b)
concluded that accretion ongoing at a low level is the most
likely explanation (however, it is unclear why the the lumi-
nosity agrees well with the predictions from deep crustal
c© 0000 RAS, MNRAS 000, 000–000
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Figure 1. The quiescent X–ray spectrum (0.3–10 keV) of SAX J1810.8–2609 fitted with an absorbed power law model. The residuals
(data minus model) are plotted in the bottom panel.
Table 1. Best fit parameters of the quiescent spectrum of SAX J1810.8–2609. All quoted errors are at the 68 per cent confidence level.
The second line displays the best–fit temperature for the neutron star atmosphere (NSA; at the surface) plus power–law model, whereas
the third line shows those of the blackbody (BB) plus power–law (PL) model.
Model Power law BB radius Temperature Reduced
Index 10−6 photons keV−1 cm−2 s−1,a in km, assuming D=4.9 kpc keV χ2/d.o.f.
PL 3.3±0.5 16±6 — — 0.80/10
NSA + PL 2.3±0.8 6+8
−4
— 0.072±0.004 0.65/10
BB + PL 2.5±0.4 8±5 40+60
−30
0.14±0.02 0.62/9
a Power law normalisation at 1 keV.
heating. See also Campana & Stella 2003 for an alternative
explanation). van Paradijs et al. (1987) also considered the
possibility that mass accretion is ongoing at a low rate
when the systems are in quiescence. Zampieri et al. (1995)
showed that emergent spectra of neutron stars accreting at
a low rate would resemble a thermal spectrum albeit overall
hardened.
We investigated the observational findings of neutron
star SXTs in quiescence. There is evidence that in sources
which have a low quiescent source luminosity the contribu-
tion of the power–law component to the spectrum is large
compared with more luminous neutron star sources in quies-
cence. The source with the lowest luminosity, SAX J1808.4–
3658 has a spectrum which is well–fitted with just a power–
law (Campana et al. 2002). Other sources like Cen X–4
and SAX J1810.8–2609 with luminosity, L, 1032<
∼
L<
∼
5 ×
1032 erg s−1 show a power–law component which con-
tributes up to about 50 per cent of the source luminos-
ity (cf. Asai et al. 1996; Rutledge et al. 2001a; this work).
Sources with luminosity near 1033 erg s−1 like X 5 and X 7
in the Globular Cluster 47 Tucanae (Heinke et al. 2003a) are
well–fit without the power–law component. Most quiescent
neutron star SXTs in Globular Clusters fit this trend (the
addition of a power–law component to the fit was never nec-
essary to obtain a good fit, Heinke et al. 2003b). However,
the neutron star SXT in Terzan 5 and Aql X–1 complicate
the picture. Their quiescent spectrum is dominated by or
in the case of Aql X–1 has a power–law component even
though the quiescence luminosity is high ∼2–4×1033 erg
s−1 (for Terzan 5 see Wijnands et al. 2003a; for Aql X–1 see
e.g. Rutledge et al. 2001b; Rutledge et al. 2002b). Perhaps
the power–law spectral component at source luminosities
higher than 1033 erg s−1 has a different origin than those at
lower source luminosities.
Finally, as was noted before (cf. Wijnands et al. 2003b),
we like to point out that assuming the observed black body
radiation is caused by residual accretion and not a cooling
neutron star crust the power–law spectral component at the
c© 0000 RAS, MNRAS 000, 000–000
5lowest source luminosities (i.e. those found in SAX J1808.4–
3658) could be similar in nature to the one found for black
hole candidate SXTs in quiescence. This could tie in with
the neutron stars entering a jet–dominated state when the
accreting rate drops (Fender, Gallo & Jonker 2003).
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